Recently, halosulfuron injury in soybean through off-target movement of halosulfuron when applied to rice fields has been reported. Sulfonylurea-tolerant (ST) soybean varieties have enhanced tolerance for sulfonylurea herbicides and might provide an option for mitigating injury to soybean from halosulfuron drift. Experiments were conducted to evaluate the effect of halosulfuron on growth and yield of selected soybean varieties with ST trait alone and stacked with glyphosate resistance trait. Soybean plants were treated with halosulfuron at 0, 0.0043, 0.0087, 0.017, 0.034, and 0.069 kg ai/ha rate at the V3 growth stage in the greenhouse and at 0.034 kg/ha rate (labeled use rate in rice) in the field studies. All soybean varieties containing the ST trait exhibited some halosulfuron injury, but survived the halosulfuron application in the greenhouse. In field studies, a single POST application of halosulfuron at 0.034 kg/ha to soybean at three-trifoliolate leaf stage or at full bloom stage resulted in halosulfuron injury to a certain extent regardless of ST trait. Halosulfuron did not have a significant effect on yield of ST varieties compared to their respective nontreated controls. Severe halosulfuron injury in two non-ST varieties resulted in yield loss.
Introduction
Halosulfuron is a sulfonylurea herbicide used to control several broadleaf weeds and nutsedge (Cyperus spp.) in corn (Zea mays L.), grain sorghum (Sorghum bicolor L.), rice (Oryza sativa L.), sugarcane (Saccharum spp.), and cotton (Gossypium hirsutum L.) [1, 2] . In 2006, approximately 7000 kg of halosulfuron was applied to rice fields in the US [3] . Sixty-four percent of global soybean (Glycine max (L.) Merrill), production area is planted to transgenic glyphosateresistant (GR) soybean with majority in the US, Brazil, and Argentina [4] . An ever-present need to grow food exists to feed an ever-increasing world population. India and China that are the world's leading rice producers [5] and potentially remain the next large-scale adopters of GR soybean technology wherein GR soybean would be cultivated in the proximity of rice. Increasing labor costs in these countries will steer growers toward reliance on herbicides such as halosulfuron for weed management in rice. Recently, several farmers in the southern US have observed halosulfuron injury in soybean through off-target movement of halosulfuron when applied to rice fields (Whiting, personal observation). Off-target movement of herbicides during application can range from 0.01 to 10% of the applied rate [6, 7] . Although these drift rates appear to be sublethal, the injury can be severe in susceptible crops, depending on the growth stage. In other research, simulated drift of 12.5% of the use rate of 0.84 kg ae/ha glyphosate has injured soybean; however, yields were not affected [8, 9] .
Sulfonylurea-tolerant (ST) soybean, developed through traditional breeding techniques, has the ST gene, a semidominant trait [10] . The ST soybean varieties have enhanced tolerance for sulfonylurea herbicides and can withstand single or sequential over-the-top applications of selected sulfonylurea herbicides [11] [12] [13] . Soybean varieties containing the ST trait might provide an option for mitigating injury to soybean from halosulfuron drift.
The majority of commercially grown soybean varieties in the United States possess the glyphosate resistance trait. Currently, several GR varieties stacked with the ST trait are also available in the market. Such stacked varieties serve as an alternative tool for managing broadleaf weeds resistant to glyphosate, and also have the potential to withstand injury from halosulfuron drift from rice fields. However, information on the response of soybean varieties containing both glyphosate resistance and ST traits to halosulfuron is lacking. Therefore, the objective of this research was to evaluate the effect of halosulfuron on growth and yield of selected soybean varieties with ST trait alone and stacked with glyphosate resistance trait. Specifically, the dose-response of soybean varieties to halosulfuron under greenhouse conditions and soybean yield response to label use rate of halosulfuron under field conditions were evaluated.
Materials and Methods

Greenhouse Study.
Soybean seeds from selected varieties (Table 1) were planted, ten per pot in 10 cm diameter by 10 cm deep plastic pots containing a commercial potting mix (Jiffy Products of America Inc., Batavia, Ill, USA). Pots were placed in a greenhouse under natural sunlight conditions. Temperatures during day and night were 25 ± 4 and 20 ± 3
• C, respectively. Day length averaged 14 hours through the duration of the experiment. Soybean seed from selected varieties ( Table 1 ) was planted at the USDA and MAFES sites on May 7 and June 5, 2007, respectively, in rows spaced 102 cm apart. A single application of halosulfuron at 0.034 kg/ha, highest single commercial application rate, with NIS at 0.25% (v/v) was applied postemergence to soybean at 3rd trifoliolate leaf stage and at full bloom stage (flower in top two nodes) at the USDA and MAFES sites, respectively. Nontreated plots that received all herbicides as described above except halosulfuron were controls. Herbicide treatments were applied with a tractormounted sprayer equipped with TeeJet 8004 (Spraying Systems Co., Wheaton, Ill, USA) standard flat spray nozzles delivering 190 L/ha water at 180 kPa at the USDA site and 11002VS flat spray nozzles delivering 140 L/ha water at 230 kPa at the MAFES site. Plots were irrigated on an asneeded basis. Soybean injury from halosulfuron was visually estimated at 3, 7, 14, and 28 DAT as described in the greenhouse study. Plots were harvested on September 19 and 21, and October 4 and 11, 2007, based on varietal maturity at the USDA site and on October 30, 2007 at the MAFES site. Soybean from all four rows of each plot at the USDA site from the middle two rows of each plot at the MAFES site was harvested using a combine and grain yield was adjusted to 13% moisture. The experiment was set up in a randomized complete-block design with six replications per treatment at the USDA site and as an 11 (variety) by 2 (halosulfurontreated and nontreated) factorial in a randomized completeblock design with 4 replications per treatment at the MAFES site. Plots were 15.2 m long and 4.1 m wide. There were 22 treatments comprising 11 soybean varieties that were treated with halosulfuron and respective nontreated controls.
Statistical Analysis.
In the greenhouse study, no significant interaction between experiments and treatments was observed; hence, the data from the two experiments were pooled. Regression analysis determined the effect of halosulfuron rate on growth of soybean. The regression parameters from the response curves of soybean varieties were computed using Sigma Plot (Sigma Plot, version 9.0, Systat Software Inc. Point Richmond, Calif, USA). Due to a significant experiment (location) effect, data from the field study were analyzed separately by location. A PROC TTEST method using SAS software (SAS Institute, Inc., Cary, NC, USA) was employed to determine if halosulfuron affected soybean yield within individual varieties. Percent yield reduction (change) from halosulfuron treatment compared to its nontreated check was computed for each variety and analyzed by PROC GLM procedure in SAS to compare 11 varieties considering all effects as fixed. Mean of percent yield reduction differences were tested using a Fisher's protected LSD test at P = .05.
Results and Discussion
3.1. Greenhouse Study. All ST-trait containing varieties survived halosulfuron application, regardless of herbicide rate. DP 4690 RR and DP 5989 did not possess the ST trait and succumbed to halosulfuron 21 DAT. Within 3 DAT, DP 4690 RR and DP 5989 exhibited injury symptoms such as chlorosis and reddening of veins on abaxial surface of treated leaves, which are typical of sulfonylurea herbicides. Despite the presence of the ST trait, all ST soybean varieties were marginally injured (chlorotic symptoms that remained on halosulfuron-treated plants up to the point of harvest, 21 DAT; whereas chlorotic symptoms in DP 4690 RR and DP 5989 developed into necrotic symptoms and the terminal growing point died by 21 DAT). The percent injury from halosulfuron in ST-containing varieties averaged 5 to 10% 3 DAT, 5 to 19% 7 DAT, 5 to 22% 14 DAT, and 5 to 16% 21 DAT, across all rates (data not shown).
Influence of halosulfuron on fresh weight accumulation of varieties containing the ST trait 21 DAT could best be described by a three-parameter sigmoidal equation of the form y = a/(1 + exp(−(x − x 0 )/b)), where y is shoot fresh weight expressed as % of nontreated control, a is an asymptote, x 0 is the herbicide rate resulting in a given measure of y, b is the slope of the curve around x 0 , and x the herbicide rate, fitted to the raw data ( Figure 1 ). Shoot fresh weight accumulation in response to halosulfuron rate in DP 4690 RR and DP 5989 followed an exponential decay pattern defined by the equation of the form y = y 0 + ae −bx , where y is shoot fresh weight expressed as % of nontreated control, y 0 is the intercept, a is an asymptote, b is the slope of the curve, and x is halosulfuron rate, fitted to the raw data ( Figure 1 ). As halosulfuron rate increased from 0 to 0.069 kg/ha, shoot fresh weight declined to 41 and 46% of nontreated control in DP 4690 RR and DP 5989, respectively.
Field Studies.
Data are presented separately by location due to a significant location effect. Location effect was significant due to a combination of factors such as different planting dates (May 7, 2007 at USDA versus June 5, 2007 at MAFES), soil characteristics (Dundee silt loam at USDA versus Tunica silty clay at MAFES), growth stage of soybean at halosulfuron application (V4 at USDA versus R2 at MAFES), and weather patterns during the growing season (Figure 2 ). For example, a few days after planting soybean on the MAFES site (June 5, 2007), the field conditions were wet due to high amounts of precipitation received from mid-June to mid-July. These wet conditions may have stressed soybean plants and prevented proper development. Furthermore, precipitation in September and October was also above the normal for Stoneville, which affected seed and pod development and delayed harvest.
3.3. USDA Site. All soybean varieties exhibited halosulfuron injury to a certain extent (data not shown). Varieties containing the ST-trait were injured 5 to 8% 3 DAT, 7 to 18% 7 DAT, and 8 to 14% 14 DAT, but fully recovered by 28 DAT. The two non-ST varieties, DP 4690 RR and DP 5989, exhibited severe halosulfuron injury; 61 to 72% 3 DAT, 73 to 80% 7 DAT, 72 to 76% 14 DAT, and 78 to 89% 28 DAT (data not shown). Halosulfuron did not have a significant effect on yield of ST varieties compared to their respective nontreated controls according to t-test results (Table 2) . Differences in percent change in yield among ST varieties due to halosulfuron application were not significant based on LSD values (Table 2) , with the percent change in yield ranging from 7% less than the nontreated control for 07-4492 RR/S to 7% more than the nontreated control for DP 5335RR/S. Severe halosulfuron injury in two non ST varieties (DP 4690 RR and DP 5989) resulted in nonharvestable crop conditions leading to non determination of yield.
MAFES Site.
All soybean varieties were injured to a certain extent by halosulfuron applied at 0.034 kg/ha (data not shown). Varieties containing the ST trait were injured 2 to 5% 3 DAT and 3 to 9% 7 DAT, but completely recovered by 14 DAT. The two non-ST varieties, DP 4690 RR and DP 5989, were injured by halosulfuron 61 to 72% 3 DAT, 39 to 40% 7 DAT, 61 to 63% 14 DAT, and 70 to 75% 28 DAT (data not shown). Similar to the USDA site, halosulfuron did not reduce yield of all ST-trait containing varieties compared to their respective nontreated controls based on t-test results (Table 2) . On the other hand, differences in percent change in yield among ST varieties due to halosulfuron application were significant based on LSD values (Table 2) , with the percent change ranging from 4% to 45% less than the nontreated control. Among the ST varieties, 07-4492 RR/S and AG 490 RR/S 3 were sensitive to halosulfuron. The variety 07-4492 RR/S was the most sensitive variety to halosulfuron and was also numerically the most affected on the USDA site. As with the USDA site, severe halosulfuron injury in two non-ST varieties (DP 4690 RR and DP 5989) resulted in yield loss. In summary, the above results indicate that varieties with no ST-trait were sensitive to halosulfuron. Commercial International Journal of Agronomy 7 soybean varieties with the ST-trait alone or both GR and ST traits stacked together can be planted in areas around rice fields and could tolerate halosulfuron drift from applications made in rice fields. Sensitivity of two varieties with ST trait (07-4492 RR/S and AG 4903 RR/S) to halosulfuron at label use rates in field studies indicates a need for continuous evaluation of soybean varieties containing ST trait for their response to halosulfuron. Under conditions of limited land to grow crops, the only means to feed the growing population of the world is to increase productivity of the restricted hectares. One such approach is the cultivation of transgenic crops with pest related-resistant traits such as GR soybean. India and China remain the next large-scale adopters of GR soybean technology, after the American continent, wherein GR soybean would be cultivated in the proximity of rice. However, there exists a potential for injury to soybean from rice herbicides such as halosulfuron when grown adjacent to rice. Availability of GR soybean varieties stacked with an ST trait that provides tolerance to acetolactate synthase-inhibiting herbicides such as halosulfuron vastly eases the issue of soybean injury from halosulfuron. Further, halosulfuron could be an effective tool in the management of GR weeds in the US, Brazil, and Argentina.
